During development cell proliferation and morphogenetic movements are tightly intermingled. Both processes depend on the same cytoskeletal elements. Therefore, precise regulation of local mitotic activity seems to be basic for proper embryogenesis. Here, I report on bottle cells as an early non-mitotic cell population in the Xenopus gastrula. Endogenous and activin/BVg1-induced ectopic bottle cells do not proliferate. Overexpression of the mitosis-promoting phosphatase cdc25C increases the proliferation rate and interferes with bottle cell formation whereas the phosphatase-dead mutant cdc25C(C457A) does not. Cdc25C also affects other gastrulation processes such as epiboly, vegetal rotation or tissue separation as inferred from histological inspection of early gastrulae. Double stainings of gsc/Xbra transcripts and mitotic nuclei in ectopic and endogenous lips demonstrated that non-mitotic cells occur in the bottle cell region and, to a lesser extent, in the gsc domain which both are indicative of high TGF-b signalling. In contrast, the Xbra-region and the remainder of the animal cap appear to be permissive for higher rates of cell proliferation. These data suggest inhibition of cell proliferation by high levels of activin-type signals and a close link of mesodermal and mitotic patterning. Finally, coexpression of eFGF together with activin/BVg1 interferes with TGF-b-induced bottle cell formation. This inhibitory effect correlates with increased cell proliferation as compared to embryos injected with activin/BVg1 alone. Taken together, these data suggest that TGF-b and FGF signals play antagonistic roles in bottle cell formation and the spatial control of the cell cycle in early Xenopus gastrulae. q
Introduction
Embryonic development relies on an intricate balance between cell differentiation, morphogenetic movements, cell proliferation, and cell death. In particular, cell divisions and cell shape changes both require the same cytoskeletal elements and have to be precisely coordinated (Vidwans and Su, 2001; Duncan and Su, 2004) . In Xenopus, the early cleavage stages (cell divisions 2-12) are characterized by rapid, 30 min lasting cell division cycles without gap phases and morphogenetic movements. The length of the cell cycles increases after the mid-blastula transition (MBT) concurrent with the onset of zygotic transcription and cell motility (Newport and Kirschner, 1982a,b) . Further expansion of cell cycle length occurs during the early gastrula transition (EGT) when cell cycle regulation becomes progressively dependent on zygotic proteins (Howe et al., 1995; Howe and Newport, 1996; Stack and Newport, 1997) and different types of cell movements and cell shape changes occur (for a recent review see Keller et al., 2003) . One way to integrate cell proliferation and morphogenesis in the embryo is to define restricted areas of cell division and keep these separate from areas of cell movements. In Drosophila post-MBT embryos, at least 25 different mitotic domains have been described, clusters of cells that divide synchronously and are identical from embryo to embryo (Foe, 1989) . The epithelial cells of the ventral furrow, for example, undergo apical constriction at the onset of gastrulation and enter mitosis as the 10th mitotic domain after completion of invagination (Foe, 1989) . In vertebrates, however, the spatiotemporal occurrence of cell divisions during gastrulation is not that regular. In zebrafish only three spatially separated mitotic domains have Mechanisms of Development 122 (2005) been discriminated after MBT (Kane et al., 1992) and in Xenopus comparable mitotic domains have not been described yet. The involuted axial mesoderm, however, has been identified as a conspicuous region of low mitotic activity in mid-gastrulation (Saka and Smith, 2001) , indicating that the spatial separation of cell division and cell movement is a common property of bilaterian development. The predominant cell cycle checkpoint in Xenopus post-MBT embryos appears to be the G2/M transition (Cooke, 1979; Ferrell et al., 1991) . Entry into mitosis is regulated by phosphorylation and dephosphorylation of the cyclin dependent kinase Cdk1 (syn. cdc2). The Wee tyrosine kinases and the Myt1 kinase negatively regulate Cdk1 and thereby cause a G2 arrest whereas the protein phosphatase cdc25 activates Cdk1 and promotes entry into mitosis (for reviews see Dunphy, 1994; O'Farrell, 2001 ). All these factors are candidate regulators of the local mitotic activity in the embryo. In Xenopus, the Wee tyrosine kinases are crucial for morphogenesis. Loss of function of the maternal isoform, XWee1, following injection of antisense morpholino oligonucleotides causes an increase in the mitotic rate and severe gastrulation defects (Murakami et al., 2004) . The zygotic XWee2 isoform is necessary later for proper convergent extension of the paraxial mesoderm as well as for somite formation (Leise and Mueller, 2004) . Therefore, local inhibition of cell proliferation is a crucial element for a variety of morphogenetic events in the amphibian embryo. So far it is unknown how this local mitotic control is linked to basic embryonic patterning.
The dorsal bottle cells that form at the very beginning of gastrulation (Keller, 1981; Hardin and Keller, 1988) are to some extent reminiscent of the ventral furrow cells in Drosophila. Both cell types undergo apical constriction and mark the onset of gastrulation. Furthermore, formation of Xenopus bottle cells has been described as an epithelial response to high levels of activin-like TGF-b-signals, indicating a link to mesodermal patterning (Kurth and Hausen, 2000; Kurth et al., 2005) .
In the present study, the ectopic bottle cell assay was used (Kurth and Hausen, 2000) to analyse the dependency of early gastrula bottle cells on local cell cycle regulation. The results suggest that bottle cells are the earliest non-mitotic cell population described so far. Overexpression of the mitosispromoting phosphatase cdc25C interferes with bottle cell formation and other morphogenetic processes in the early gastrula. In addition, evidence is presented that TGF-b and FGF signals might be involved in the spatial regulation of cell proliferation, which provides a hint on how local cell cycle control and embryonic patterning might be linked to each other and to specific morphogenetic movements.
Results

Endogenous and TGF-b induced bottle cells are non-mitotic
Bottle cells are among the first cells in the Xenopus embryo that undergo a shape change. In Drosophila, such a cell population in the ventral furrow is non-mitotic (Foe, 1989) . To identify mitotic and non-mitotic cells in early Xenopus gastrulae, an antibody against nucleoplasmin was used. This protein is nuclear and diffuses into the cytoplasm after breakdown of the nuclear envelope during mitosis (Wedlich et al., 1985; Dreyer, 1987) . Therefore, mitotic cells can be identified by their cytoplasmic nucleoplasmin, even in the absence of the nucleus in a given sectioning plane (Fig. 1A) . The specimens were counterstained with anti-b-catenin (Schneider et al., 1993; and DAPI to visualize cell shapes and nuclear DNA, respectively (Fig. 1B,C) . Animal/ vegetal sections through early gastrulae stained for nucleoplasmin revealed that mitoses are frequent in animal and marginal tissues (Fig. 1E,E 0 ,F,F 0 ). They are, however, rarely observed in the vegetal cell mass (not shown here but see Fig. 3F ) and absent in bottle cells (Fig. 1G,G 0 ). To confirm this observation, ectopic bottle cells induced by activin-like TGF-bs were analysed likewise. In these experiments, activin was overexpressed in the animal cap where it causes ectopic bottle cell formation (Kurth and Hausen, 2000) . Activin-mRNA was injected into one animal blastomere of 8-cell embryos, which were then allowed to develop until stage 10.5 ( Fig. 2A) . Following this treatment hundreds of apically constricted epithelial cells with round circumferences form a huge field in the animal cap (Fig. 2B) . The round apical surfaces of the cells indicate an isotropic contraction mode within the homogenous animal cell population, in contrast to the anisotropic contraction of endogenous bottle cells at the vegetal-marginal boundary (Hardin and Keller, 1988) . Nucleoplasmin distribution in such embryos revealed that the ectopically induced bottle cells are non-mitotic ( Fig. 2C-F) . Only in five out of 1348 cells (0.4%; 30 sections from 10 embryos) the cytoplasm was weakly stained for nucleoplasmin. In these cases, however, also nuclear staining was observed implicating that the cytoplasmic nucleoplasmin may be a result of incomplete nuclear import of the protein after reconstitution of the nuclear envelope (data not shown). Similar data were obtained from embryos injected with BVg1-mRNA (data not shown). In normal, uninduced animal caps 64 out of 374 scored outer epithelial cells are mitotic (17%; six sections from three embryos). Obviously, gastrula bottle cells are in a non-mitotic state. These data indicate that overexpression of activin-like TGF-b-signals induces apical constriction concomitant with a local decrease of the mitotic rate.
2.2. Overexpression of cdc25C interferes with early gastrulation movements but does not affect the expression of goosecoid or Xbra
As described above, induction of morphogenesis by overexpressing TGF-b signals results in the downregulation of cell proliferation. Entry into mitosis is controlled by a complex network of regulatory proteins (Dunphy, 1994; O'Farrell, 2001 ). Kinases and phosphatases that regulate the activity of the cyclinB/Cdk1(cdc2) protein complex are important components of this network. The phosphatase cdc25C removes phosphate residues from cyclinB/Cdk1(cdc2) and thereby promotes entry into the M-phase.
To analyse the effects of upregulated cell proliferation upon morphogenesis in the embryo, Cdc25C-mRNA was injected vegetally into both blastomeres of 2-cell embryos, which were then fixed at stage 10C (Fig. 3A) . The specimens were stained for b-catenin and nucleoplasmin, and representative central A/ V-sections (from six embryos) were compared to corresponding sections through uninjected control embryos (from five embryos). In embryos overexpressing cdc25C bottle cell formation is inhibited ( Fig. 3B, arrowhead; 3C ). They also display other gastrulation defects (Fig. 3B,C) . A variety of processes appears to be affected, such as involution of the mesoderm (curved arrow in Fig. 3D ), formation of Brachet's cleft as a result of tissue separation behaviour (Wacker et al., 2000; Fig. 3D,E) , and vegetal rotation which is a main driving force for anterior mesendoderm movement along the blastocoel roof (Winklbauer and Schürfeld, 1999; arrow in Fig. 3B ). The cdc25C dependent upregulation of cell proliferation becomes particularly apparent in vegetal regions (Fig. 3F,G) . Since the microinjection occurred only vegetally in these embryos, thinning of the animal cap as a result of intercalation movements of inner cap cells is not affected. However, injection of cdc25C into the animal cap severely affects epiboly (Fig. 3H,I ). Furthermore, the ongoing divisions obviously lead to folding and invagination movements (Fig. 3I ). As inferred from this histological analysis, at the onset of gastrulation artificially enhanced mitotic rates might be antagonistic to a variety of morphogenetic movements.
The lengthening of the embryonic cell cycle at the midblastula-transition (MBT, Newport and Kirschner, 1982a,b) is often interpreted as a pre-requisite for zygotic transcription. Overexpression of cdc25C forces cells to continue rapid cycling and could well influence development by repressing transcription of important regulatory genes. To address this issue we analysed the expression of the mesodermal marker Xbra and the organizer gene goosecoid in cdc25C-overexpressing embryos by in situ hybridisation (Fig. 3K ). Both genes are expressed at normal levels with only slightly different spatial expression patterns (Fig. 3M,O) , as compared to control embryos (Fig. 3L,N) . These differences might be due to disturbed cell movements in embryos overexpressing cdc25C. The data suggest that uncontrolled cell proliferation interferes with gastrulation movements without affecting basic mesodermal gene expression.
Due to the complex relationships and coordinated actions of the separate gastrulation events, it is difficult to interpret the global cdc25C-induced gastrulation defects. In the following, I focus further analysis on the ectopic bottle cell formation. The role of local mitotic regulation on other gastrulation movements is currently investigated and will be the subject of a separate report.
cdc25C interferes with BVg1-induced bottle cell formation
To specifically test whether an upregulation of mitoses interferes with TGF-b-induced apical constriction, cdc25C was coexpressed to enhance the cell division rate in prospective ectopic bottle cells. cdc25C acts cell autonomously whereas BVg1 can diffuse over several cell diameters and induces bottle cell formation in the periphery of injected cells (see Kurth et al., 2005) . We observed that coinjection of cdc25C and BVg1 sometimes results in irregular rings of bottle cells surrounding a field of non-constricted animal cap cells (data not shown). To prevent this effect, cdc25C-mRNA was injected into all animal blastomeres of 8-cell embryos followed by injection of BVg1-mRNA into one animal blastomere at the 16-cell stage. The bottle cell phenotype of such embryos was compared to that of control embryos injected with BVg1-mRNA alone. In some embryos weak pigment accumulation can still be detected in animal caps of embryos overexpressing cdc25C/BVg1 (Fig. 4C,D ), but bottle cell formation is clearly disturbed when compared to BVg1-induced control bottle cell fields (Fig. 4A,B) . In others bottle cell formation is completely inhibited ( Fig. 4I,L ; four experiments each, occurrence of ectopic bottle cells: BVg1, 89/98 embryos (91%); BVg1C cdc25C, 15/82 embryos (18%)). Histological analysis of embryos injected with BVg1-mRNA reveals animal bottle cells (Fig. 4E ,F) whereas embryos injected with both BVg1-and cdc25C-mRNAs displayed non-constricted animal epithelial cells (Fig. 4G,H ).
This strong inhibition of BVg1-induced bottle cell formation is not observed when the phosphatase-inactive mutant cdc25C(C457A) (see Dunphy and Kumagai, 1991; Izumi and Maller, 1991; Qian et al., 1998) was used instead of wild type cdc25C ( Fig. 4K ,L; BVg1Ccdc25C(C457A): 49/57 embryos (86%) with ectopic bottle cells, two experiments), indicating that the observed cdc25C-effect is mediated specifically through its phosphatase activity.
To test whether the cdc25C-dependent inhibition of ectopic bottle cell formation correlates with changes in the mitotic rate, gastrula embryos overexpressing BVg1, BVg1Ccdc25C and BVg1Ccdc25C(C457A) were scored for mitotic nuclei using an antibody against the phosphorylated form of Histone H3 (p-H3) (Hendzel et al., 1997; Saka and Smith, 2001 ). BVg1 and BVg1Ccdc25C(C457A) lead to ectopic bottle cell formation and low mitotic rates (Fig. 5A,C ). This observation corroborates the nucleoplasmin data described above (Fig. 2) . Coexpression of wild-type cdc25C, however, inhibits BVg1-induced bottle cell formation concomitant with an increase in the mitotic rate (Fig. 5B ). This can also be observed in immunostainings with the anti-nucleoplasmin antibody ( Fig. 5D ,E). Taken together, these observations suggest that inhibition of mitosis in the animal cap is crucial for the cell shape changes occurring during ectopic bottle cell formation.
Spatial patterns of goosecoid and Xbra expression in relation to mitotic cells indicate a link of cell cycle control to mesodermal patterning
Serial section analysis of embryos injected with activinmRNA revealed that inhibition of mitoses in response to activin-like TGF-bs is not restricted to the bottle cell region but also comprises cells at the periphery of the bottle cell field (Fig. 6A ,B, see also Fig. 2F ). This pattern of cell division was further analysed and linked to the gene expression patterns of goosecoid (gsc) and Xbrachyury (Xbra) in albino embryos injected with BVg1-mRNA. Typically, such ectopic bottle cell fields are surrounded by rings of cells expressing gsc in the vicinity and Xbra at some distance in the periphery (Fig. 6C , Kurth and Hausen, 2000; Kurth et al., 2005) .
In the following experiments, mitotic nuclei were stained with anti-phospho-Histone H3 (p-H3) using a colorimetric secondary detection system (brown staining). The transcripts of gsc and Xbra were visualized by in situ hybridisation (blue staining; Fig. 6D-I ). Double stainings for p-H3/gsc and p-H3/ Xbra revealed that mitoses occur frequently in the animal cap (Fig. 6E ,F,H-K) and in regions of ectopic Xbra-expression ( Fig. 6H-K) . They are, however, absent in the ectopic bottle cell region and only rarely observed in the distalmost region of the adjacent gsc domain (Fig. 6E ,F,I,K; data not shown). This pattern implicates that cell proliferation is inhibited above a certain level of TGF-b signaling and suggests that the mitotic and mesodermal patterning processes are closely interlinked.
These conclusions are supported by observations in normal embryos (Fig. 7) . Comparison of the expression of gsc and phospho-Histone H3 in early gastrulae reveals a region of nonmitotic cells in the organizer region (Fig. 7B ,C). As described above some mitotic cells can be observed in the distal part of the gsc domain (arrows in Fig. 7C ,C 0 ). From these wholemount preparations it appears that the gsc domain has a low, in the vicinity of the bottle cells even absent mitotic activity.
eFGF and activin/BVg1 have antagonistic roles in bottle cell formation and cell cycle control
In the embryo, FGFs have diverse roles in regulating cell proliferation, migration and differentiation. During gastrulation eFGF is important for formation and maintenance of mesoderm, and Xbra and eFGF are engulfed in a positive feedback loop (Isaacs et al., 1994; Schulte-Merker and Smith, 1995; Casey et al., 1998) . Xbra-expression in the early gastrula, therefore, indicates active eFGF-signalling to a certain degree (Isaacs et al., 1994; Christen and Slack, 1999) . The abovementioned different cell division rates in the Xbra vs. gsc/bottle cell areas (Figs. 6,7) might indicate different effects of FGFs and TGF-bs on the cell cycle machinery. To address this further, the influence of ectopic eFGF on the cell shape change of ectopic bottle cells was tested. eFGF-and activin/BVg1-mRNAs were injected either alone or in combinations and gastrula embryos were scored for ectopic bottle cell formation (Fig. 8B-D, N, O) , Xbra-expression (Fig. 8F-H) , and the spatial occurrence of . In embryos injected with cdc25C-mRNA the two genes are expressed at normal levels but the expression patterns are slightly different to the controls, probably due to the disturbed early gastrulation movements. mitoses ( Fig. 8Q-S) . Activin alone induces bottle cell formation and a ring of Xbra expressing cells at a distance (Fig. 8B,F) . eFGF strongly induces Xbra in the animal cap, but elicits no apical constriction of its epithelial cells (Fig. 8C,G) . Coinjection of eFGF inhibits the activininduced bottle cell formation concomitant with a strong induction of Xbra (Fig. 8D,H) . This eFGF-dependent inhibition of activin-induced bottle cell formation has been corroborated by histology (Fig. 8I-M) . Embryos expressing eFGF, either alone or together with activin, display multilayered animal caps (Fig. 8L,M ) reminiscent of those observed after cdc25C-mRNA injection. Similar results were obtained after coinjection of eFGF and BVg1 ( Fig. 8N,O ; data not shown). Coexpression of eFGF (or cdc25C as a positive control) inhibits BVg1-induced bottle cell formation and increases the mitotic rate ( Fig. 8O-S ) as compared to embryos overexpressing BVg1 alone (Fig. 8N,Q) . These data suggest that in the early gastrula FGFs and TGF-bs might be antagonistically involved in the regulation of bottle cell formation and local cell proliferation.
Discussion
3.1. Local inhibition of the cell cycle as a pre-requisite for morphogenetic movements in the early gastrula Cell division and cell movements both require the same cytoskeletal components and therefore should not occur simultaneously in a given region of the embryo. In amphibians, global inhibition of cell division with pharmacological inhibitors has no or little effect on morphogenetic movements during early development (Cooke, 1973a,b; Symes and Smith, 1987) . By way of contrast, experimentally enhanced cell division severely affects different morphogenetic events (Murakami et al., 2004; Leise and Mueller, 2004; Hashiguchi et al., 2004) , indicating that local inhibition of cell division is crucial for normal development. The present study describes the occurrence of cell proliferation during morphogenesis in the early Xenopus gastrula. It provides evidence that bottle cells are among the first cells that undergo mitotic arrest during embryogenesis (Figs. 1,2) and that overexpression of the mitosis-promoting phosphatase cdc25C perturbs endogenous and TGF-b-induced ectopic bottle cell formation (Figs. 3-5 ). This phenotype seems to specifically depend on the phosphatase activity of cdc25C on the cdk1/cyclinB-complex, since a phosphatase-dead mutant (cdc25C(C457A)) does not inhibit BVg1-induced bottle cell formation (Figs. 4,5) . Histological analysis demonstrates that other early gastrulation processes such as epiboly, involution, vegetal rotation and tissue separation appear also to be affected by an excess of cdc25C (Fig. 3) . Finally, gene expression analysis suggested that the gastrulation defects described here are basically due to the cdc25C-induced mitotic activity and are presumably not caused by disrupted mesodermal patterning (Fig. 3) .
To what extent the different gastrulation processes each are inhibited cannot be concluded solely from these histological studies. Since gastrulation is a complex compound movement, it may well be that the disturbance of one particular morphogenetic event indirectly affects other processes. Additional experiments using a wide variety of assays (animal cap elongation, tissue separation, etc.) are needed to address this issue more thoroughly. Our findings indicate, however, that at least endogenous bottle cell formation and epiboly might be specifically affected by cdc25C (vegetal vs. animal injection, see Fig. 3 ). This suggests that enhanced cell proliferation might be antagonistic to any kind of morphogenesis in the early gastrula and indicates the importance of local inhibition of cell proliferation during morphogenesis.
In addition to the mere inhibition of cell divisions, polarized cytokinesis might also be involved in gastrulation. Stimulation of additional mitoses in the animal cap, for example, interferes with epiboly (Fig. 3) . However, in contrast to the bottle cell region the mitotic rate in the untreated animal cap is rather high. In this case, cell proliferation and morphogenesis are not confined each to distinct regions in the embryo. In contrast, each cell division might occur in a finely tuned, spatially defined manner that enables its integration into the epibolic movement. A similar integration of cell divisions into a morphogenetic process has been observed recently during the migration of cranial neural crest (Teddy and Kulesa, 2004) . One might speculate that this type of 'embedded' proliferation occurs preferentially when cells move at least partially as individuals (migration, intercalation) but not when a group of cells acts as a unit (bottle cell formation).
The importance of local cell cycle control during gastrulation was recently demonstrated using antisense morpholinos against the Wee-like kinase Xwee-1 (Murakami et al., 2004) . Wee-like kinases cause mitotic arrest by inhibitory phosphorylation of Cdk1 (see Section 1). In Xenopus, depletion of the maternal isoform, Xwee1, causes enhanced proliferation and disrupts different morphogenetic movements, such as epiboly and convergent extension (Murakami et al., 2004) . Overexpression of the mitosispromoting cdc25C also led to defective gastrulation, which could be rescued by Xwee1 (Murakami et al., 2004) . In both cases the phenotypes were analysed predominantly globally and only in mid-to late-gastrulae. Although no specific effects on early gastrula movements were described, it became evident from these experiments that the Wee-like kinases are important factors for spatial mitotic control. Whether other molecules are also involved in the process is unknown so far. For example, local cell cycle control could be achieved by directly regulating the activity of cdc25C. In Drosophila, this mechanism turned out to be crucial in coordinating cell cycle and morphogenesis. Accordingly, the complex mitotic pattern in post-MBT embryos (see Section 1) is forecasted by a similar string/ cdc25 expression pattern. Exceptions to this rule are the prospective mesodermal cells of the ventral furrow. They express string/cdc25 early but do not divide until invagination has been completed O'Farrel, 1889, 1990 Großhans et al., 2003) . Tribbles, for example, seems to be involved in ubiquitin-dependent String degradation, and tribbles mutants show uncontrolled cell divisions in the ventral furrow concomitant with disturbed apical constriction of furrow cells. This phenotype can be mimicked by overexpression of string (Großhans and Wieschaus, 2000) . Local overexpression of the String orthologue cdc25C in Xenopus gastrulae also inhibits apical constriction of bottle cells (this study). One might conclude that the mechanisms underlying mitotic inhibition are conserved among bilaterian embryos, but they apparently differ in detail. In contrast to its Drosophila orthologue, Xenopus tribbles (Xtrb2), does not serve as a cell cycle brake in early Xenopus embryos (Saka and Smith, 2004) . One possible explanation for this discrepancy could be that tribbles serves an ancient function in general protein degradation and that in the lineage leading to Drosophila it became recruited as a specific String antagonist to the cell cycle regulation machinery. However, one cannot rule out the possibility that negative regulation of cdc25C by other factors could still play a role in the spatial restriction of cell divisions in the amphibian embryo. Taken together, the findings reported here may be integrated into the growing body of evidence that local regulation of cell proliferation, although not instructive for specific morphogenetic movements, is a crucial permissive component during vertebrate morphogenesis. The results further implicate that in the amphibian embryo the early gastrula transition (EGT) marks not only a further global increase of cell cycle length but also the onset of local mitotic control.
Integration of mesodermal patterning, cell cycle control and gastrulation movements
We have previously shown that bottle cell formation can be incorporated into the activin-goosecoid-Xbra system as an epithelial response to high levels of activin-like TGF-b signals (Kurth and Hausen, 2000) . Using the ectopic bottle cell assay, it was possible to integrate the spatial occurrence of cell proliferation into that system. Bottle cells and the adjacent goosecoid expressing cells display no or only low cell division rates, respectively (Figs. 2,6,7) . This might indicate that high levels of activin-like TGF-b signals induce dorsal mesoderm/ bottle cells concurrent with an inhibitory input on the cell cycle machinery. This effect is, however, not restricted to the dorsal side of the embryo, since lateral and ventral bottle cells also appear to be non-mitotic (data not shown). Therefore, a common mechanism might be involved in the inhibition of bottle cell cycle progression in dorsal, lateral and ventral regions. One possibility is that bottle cell formation occurs above a certain level of TGF-b signalling activity, and that this critical level is reached first on the dorsal side and later in lateral and ventral regions. In Xenopus, graded activities of nodal-related factors might occur along the dorsal-ventral axis of the marginal zone as have been described previously (Agius et al., 2000) , and this has been supported by a similar dorsalventral distribution pattern of phospho-Smad2 (Lee et al., 2001; Schohl and Fagotto, 2002) . Therefore, these graded activities of TGF-b signals might cause the spatial propagation of bottle cell formation from dorsal to ventral along with a concomitant block of cell proliferation. It can, however, not be excluded, that additional lateral-and ventral-specific factors might be necessary for the regulation of bottle cell formation/ cell cycle progression.
How TGF-b signalling might be linked to the inhibition of cell proliferation in the early gastrula remains elusive. TGF-bs have a long reported antiproliferative activity in a wide variety of adult tissues and cell lines (for recent reviews see Massagué et al., 2000; Cheng and Grande, 2002) . It has been shown that TGF-bs inhibit the cdk4, cdk6 and cdk2 complexes at the G1/S checkpoint by inducing the p15 and p21 proteins (Massagué et al., 2000) . TGF-bs also downregulate cdc25A in different cell lines. This occurs either directly resulting in phosphorylation and inhibition of cdk4 and cdk6 (in mammary epithelial cells, Ivarone and Massagué, 1997) or indirectly via p15/p21 (in keratinocytes, Ivarone and Massagué, 1999) . In all cases, the G1/S-transition is affected. In the early Xenopus embryo, however, the predominant cell cycle check-point appears to be 'downstream' at the G2/M transition (see Cooke, 1979; Ferrell et al., 1991) . Under these circumstances, TGF-bs such as activin, nodals or BVg1 might be recruited into the regulation of the G2/M transition by inhibiting cdc25C, a possibility we are currently investigating. The patterning factors that are induced by TGF-bs during gastrulation might also influence cell cycle progression. The organizer protein Goosecoid, for example, is involved in the regulation of cell motility during gastrulation (Niehrs et al., 1993; Wacker et al., 1998) and the gsc expression domain appears to be a region of low cell division rates (Figs. 6,7) . With respect to this it may be of interest that Goosecoid is able to repress cell proliferation in mammalian PC12 cells (Sawada et al., 2000) , raising the possibility that Goosecoid might be directly involved in the local cell cycle control of gastrulating embryos. On the other hand, downstream factors that ultimately regulate the cell shape at the cytoskeletal level might simultaneously instruct the cell cycle machinery. This way local mitotic control would be an integral part of the cell shape changes underlying morphogenetic movements. At some distance to the ectopic bottle cell field, in the region marked by Xbra-transcripts, cell divisions can be observed (Fig. 6 ). Due to a positive feedback-loop between eFGF and Xbra, this region also indicates eFGF-activity (Isaacs et al., 1994; Kurth and Hausen, 2000) . Interestingly, animal caps overexpressing activin/BVg1 together with eFGF do not form bottle cells and are multilayered, a phenotype reminiscent of embryos coexpressing TGF-bs and cdc25C in the animal cap (Fig. 8) . In a wide variety of cases FGFs indeed promote cell proliferation (e.g. during limb regeneration or muscle stem cell development, Cannata et al., 2001; Deasy et al., 2002) , and it may be that this is also the case in the experiments described here. The eFGF-effect could, however, also be interpreted as a result of changes in the morphogenetic program which affect the local cell proliferation rate only in a rather indirect manner. In any case, these experiments imply possible antagonistic roles of TGF-b and FGF signals in bottle cell formation and/or spatial mitotic control.
This conclusion obviously contrasts to previous experiments in which the inhibition of FGF-signalling by overxpressing a dominant-negative FGF-receptor (XFD, Amaya et al., 1991; was shown to disrupt TGF-b-induced bottle formation (Kurth and Hausen, 2000) . The discrepancy could be, however, resolved by taking into account the spatial activities of FGFs in our experimental system. At the centre of the TGF-b signalling field bottle cells undergo apical constriction and do not divide. Here, FGFs are not active. At a distance to the bottle cells eFGF is activated/maintained through the Xbra-eFGF feedback loop and could impinge mechanical properties to this region that might serve as an important pre-requisite for apical constriction of adjacent cells. In case of coexpression of XFD together with activin/BVg1, eFGF/Xbra is downregulated in the periphery of the ectopic bottle cell field (Kurth and Hausen, 2000) . As a result, the mechanical properties of this region might be incorrect and bottle cells cannot form. On the other hand, if eFGF is ectopically active in the prospective bottle cells themselves, the signalling and proliferation status are not correct and apical constriction is also disturbed. A hypothetical model summarizing these considerations is presented in Fig. 9 .
The impact of mechanical properties of adjacent tissues on the apical constriction of prospective bottle cells has been demonstrated previously by excising the bottle cell region at the onset of gastrulation (Hardin and Keller, 1988) . Under these circumstances, apical constriction is isotropic, occurring in all directions equally, and results in round apical circumferences of the bottle cells. Similar isotropic contractions are observed in activin/BVg1-induced ectopic bottle cells in the animal cap (see Fig. 2 ). In both cases, apical constriction occurs in a rather homogenous cell population. In contrast, the endogenous bottle cells undergo an anisotropic constriction with much stronger contraction in the animalvegetal direction resulting in elongated apical circumferences along the mediolateral direction. This is probably due to different mechanical properties of vegetal and marginal cells adjacent to prospective bottle cells at the vegetal-marginal border (Hardin and Keller, 1988) . Obviously, the mechanical properties of the tissues have a strong influence on morphogenesis (Keller et al., 2003) .
Mechanics and localized cell division might also be involved in patterning the normal gastrula. The positioning of the blastopore lip along the animal-vegetal axis, for example, is thought to depend on a complex interplay of different instructive factors such as the nodals and FGFs Fig. 9 . Schematic illustration summarizing the correlation of ectopic lip morphogenesis to the gene expression patterns of goosecoid and Xbra as well as to the cell division rate. High levels of activin-like TGF-b signals induce apical constriction and goosecoid expression, but inhibit cell proliferation. Moderate to low levels of TGF-bs induce Xbra/eFGF and are accompanied by a higher mitotic rate. (Cornell et al., 1995; Kurth and Hausen, 2000) . Besides these instructive factors permissive components of morphogenesis such as mechanics and cell proliferation rates of the marginalvegetal tissues might provide important additional cues for the positioning of the blastopore at the marginal-vegetal border.
In conclusion, TGF-b and eFGF dependent mesodermal gene expression, local mitotic control and tissue mechanics are integrated components of the morphogenetic movements in the early gastrula. To unravel the interdependencies of these different issues is a challenging task for the future.
Material and methods
Embryos and microinjections
Adult Xenopus laevis were purchased from the African Xenopus Facility C.C. (South Africa). Embryos were obtained by in vitro fertilization as described previously (Fey and Hausen, 1990) , cultured in 0.1 MBSH (MBSH: 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.82 mM MgSO 4 , 0.41 mM CaCl 2 , 0.33 mM Ca(NO 3 ) 2 , 10 mM HEPES (pH 7.4), 10 mg/ml streptomycinsulfate and penicillin) and staged according to Nieuwkoop and Faber (1967) .
mRNA injections (5 nl per injection) were performed as described previously (Kurth and Hausen, 2000) in 2/3 MBSH containing 4% Ficoll-400 (Sigma, Munich, Germany). Approximately 50-100 pg of activin-and BVg1-mRNAs, 5 pg of eFGF mRNA and 200 pg of cdc25C-and cdc25C(C457A)-mRNAs were injected per embryo. After injection the embryos were left in Ficoll solution for 2-3 h and then transferred to 0.1 MBSH for further development.
Expression constructs and mRNA synthesis
cDNA plasmids containing the full-length sequences of activin (pBSK, restriction with EcoR1, transcription with T3-RNA-Polymerase; (Thomsen et al., 1990) ) and eFGF (pSP64T, restriction with AccI, transcription with SP6-RNA-Polymerase (Isaacs et al., 1992) ) were kindly provided by Herbert Steinbeisser. BVg1-Plasmid (pSP64T, restriction with EcoR1, transcription with SP6-RNA-Polymerase (Thomsen and Melton, 1993) ) was kindly provided by Francois Fagotto. The cdc25C and cdc25C(C457A) (phosphatase mutant) plasmids (pOTV, restriction with Not1, transcription with T7-RNA-Polymerase) were provided by J. Maller. Capped sense mRNAs for microinjections were prepared with T3 or SP6 mMessage mMachine kits (Ambion) according to the manufacturers instructions. The RNA was resuspended in sterile TE buffer (1 mM EDTA, 10 mM Tris-HCl, pH 8.0) and quantified by comparing fluorescence intensity to a marker with a known concentration on an ethidium bromide stained agarose gel. Aliquots were stored at K70 8C and diluted in sterile injection buffer (88 mM NaCl and 15 mM Tris-HCl, pH 7.5 in sterile water).
Whole-mount in situ hybridisation and enzyme coupled immunostaining
Whole-mount in situ hybridisations was performed as described previously (Harland, 1991; Kurth and Hausen, 2000) . DIG-labelled antisense mRNAs were synthesized using T7 or SP6-RNA-Polymerases. The following plasmids were used as templates for the transcription of antisense riboprobes: goosecoid (H7 full length clone in pBSK, restriction with EcoR1, transcription with T7-RNA-Polymerase, Blumberg et al., 1991; Cho et al., 1991) , and Xbra (pSP73, restriction with SalI, transcription with SP6-RNA-Polymerase, Smith et al., 1991) .
For double staining of mesodermal transcripts and mitotic nuclei albino embryos were stained first with in situ riboprobes as described (Harland, 1991; Kurth and Hausen, 2000) . Then the specimens were post-fixed in 4% formaldehyde in PBS, washed several times in PBS, blocked with 20% normal goat serum in PBS for 2 h and incubated with an anti-phospho-Histone H3 antibody (Upstate biotechnology, rabbit polyclonal; Hendzel et al., 1997; Saka and Smith, 2001 ) overnight. The primary antibody was detected with secondary biotinylated antibodies and tertiary avidin-peroxidase-complexes (Vectastain ABC-Kit). Stained embryos were finally post-fixed in 4% formaldehyde/PBS, washed several times in PBS, and inspected with a stereomicroscope. Alternatively, embryos were dehydrated, cleared with Murrays solution (two parts benzyl alcohol/1 part benzyl benzoate) and inspected with a light microscope.
Histology and double fluorescence immunostaining
For standard histology, the embryos were fixed in MEMFA (4% formaldehyde, 0.1 M MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO 4 ) for 2 h at room temperature or overnight at 4 8C followed by post-fixation and facultative storage in ice-cold methanol. Specimens were washed in methanol at room temperature, infiltrated and embedded in glycolmethacrylate (Technovit 7100, Kulzer, Wehrsheim, Germany) and cut into 5 mm thick serial sections for fluorescence microscopy.
Immunofluorescent labelling of phospho-Histone H3 was performed with whole embryos as described in Section 4.3 with the variation that Cy3-coupled secondary antibodies were used for detection. Double immunofluorescent whole-mount labelling of embryos was performed as described previously (Kurth et al., 1999; Kurth, 2003) using the following primary antibodies: P14L (polyclonal rabbit antibody against b-catenin; Schneider et al., 1993; , and a mouse monoclonal antinucleoplasmin antibody (b7-1A9, Wedlich et al., 1985) . As secondary antibodies Cy3-coupled goat-anti-rabbit IgGs (Dianova) and Alexa 488-coupled goat-anti-mouse IgGs (Molecular Probes) were applied. Nuclei were counterstained with DAPI.
Scanning electron microscopy (SEM)
Embryos were fixed in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 100 mM HEPES (pH 7.4) overnight at 48C and washed several times in 100 mM HEPES. After that the specimens were post-fixed in 1% OsO 4 in PBS for 2 h on ice, washed in PBS, dehydrated in a graded series of ethanol/water, dried using the critical point method and sputtered with gold/palladium.
Microscopy, image acquisition and processing
Plastic sections were analysed either with a Zeiss Axioplan microscope or a Olympus BH 2 microscope both equipped with epifluorescence optics. Selective filters for Cy3-and Alexafluorescent signals (AF Analysentechnik, Germany) were used. Histological and fluorescence data were acquired using a digital camera (Sony) and the Analysis program (Soft Imaging Systems). Alternatively, a Coolpix 4500 digital camera (Nikon) or the SPOT digital camera in combination with the MetaView (Visitron) program was used. In situ samples were analysred with a Zeiss stereo microscope and images were acquired using the Coolpix 4500 digital Camera (Nikon). SEM samples were examined with a Hitachi S800 scanning electron microscope.
Image processing and figure mounting was performed with Photoshop (Adobe, version 5.0) and Freehand (Macromedia, version 8) programs.
